
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Regulatory genomics: Insights from the zebrafish 

ABSTRACT 
The sequencing of many vertebrate species over 
the last decade has opened up the possibility of 
using comparative genomics as a powerful tool to 
elucidate regulatory elements in the vertebrate 
genome. The zebrafish has played a pivotal role in 
this process. Its genome has been used in large-
scale genome comparisons to locate vertebrate 
specific regulatory elements and also it has been 
an excellent model system to test out the predicted 
DNA sequences for their ability to drive reporter 
gene expression in vivo. In spite of all the 
successes there have still been some issues in 
using the zebrafish as a model system for these 
kinds of assays. This review will shed some light 
on the successes and failures of the zebrafish in 
pushing forward regulatory genomics. 
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INTRODUCTION 
The complete sequencing of the human genome 
[1, 2] and genomes of other species [3, 4] has 
opened up an unprecedented possibility that the 
genomes can be explored in greater detail to 
uncover all its facets. Though there has been 
substantial progress in deciphering the total 
number of protein coding genes in the human
  

genome [5] the search of all the regulatory 
elements in various vertebrate genomes has been 
a challenge. The ENCODE project [6] is a large 
scale effort in annotating such functional elements 
in the human genome and have been able to 
decipher many such elements but is by no means 
an exhaustive survey. Functional non-coding 
elements in the genome include non-coding RNA, 
cis-regulatory elements, splicing elements and 
sequences directing chromatin structure. Unlike 
protein coding genes which have a characteristic 
structure that helps in their identification, very 
little is known about the organization of the non-
coding elements and hence makes it challenging 
to locate and validate them. Multiple approaches 
have been employed to locate cis-regulatory 
elements. The traditional or pre-genomic era 
techniques to locate cis-regulatory elements 
primarily relied on biochemical and genetic 
assays to capture them. One of the earliest 
biochemical methods to study cis-regulatory 
elements was DNA footprinting [7]. Another 
biochemical assay, which captures the state of 
chromatin in vivo is the DNase I hypersensitivity 
assay [8, 9]. 
The availability of the various genome sequences 
and the concurrent development of genomic 
alignment, visualization, and analytical bioinformatics 
tools have made comparative genomics not only 
possible but also an increasingly popular approach 
for the discovery of putative cis-regulatory 
elements. Comparative genomics is not biased 
towards any genomic region and does not rely on 
any prior knowledge of which transcription 
factors are regulating the target gene. The basic
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phylogenetically distant species such as human 
and fish they generally fail to identify and align 
all the orthologous sequences due to stringent 
criteria that are set for local alignments. On the 
other hand, locus by locus global alignments of 
orthologous gene loci using programs like 
LAGAN/MLAGAN [23] and AVID [24] are 
effective in identifying all the associated CNEs. 
But it is prudent to bear in mind that since global 
alignment has an additional assumption that input 
sequences occur in the same order and orientation, 
they can detect more weakly conserved regions 
[24, 25]. Nevertheless, it should be noted 
that global alignment algorithms tend to miss out 
on conserved functional elements that have 
undergone local inversions or rearrangements. 
While human-mouse sequence conservation can 
be particularly useful for finding mammalian 
specific cis-regulatory elements, this approach 
tends to identify many false positives due to the 
relatively short evolutionary distance between the 
two species (~60 Myr). On the other hand, as the 
phylogenetic distance between two species 
increases the average conservation of the DNA 
under neutral evolution since their last common 
ancestor decreases. Sequence comparison between 
human and more distantly related species like 
teleost fishes that have been separated by larger 
evolutionary distance (~450 Myr), increases the 
probability that the CNEs that are identified are 
functional ones [26]. The first proof of principle 
study to show the feasibility of comparative 
genomics between human and teleost fish was 
reported in 1995. Two transcriptional enhancers 
that control Hoxb4 expression in the mouse 
mesoderm, ectoderm and the neural tube were 
found to contain three mouse-fugu conserved 
regions (CR1, CR2 and CR3). CR1 was shown to 
be essential for expression in the mesoderm, 
central and peripheral nervous system while 
CR3 directed gene expression to the posterior 
hindbrain [27]. Mouse-fugu comparison has 
also located cis-regulatory elements for the 
Pax9/Nkx2-9 locus. Out of a total of 15 CNEs in 
the mouse-human comparison 2 CNEs were also 
present in the human-mouse-fugu comparison, 
one of which directed gene expression in 
ventral neural tube for Nkx2-9 and the other in the 
medial nasal processes for Pax9 [28]. Human-fugu

premise of this method is that functional non-
coding DNA tends to evolve more slowly than 
non-functional DNA due to selective pressure, 
hence cis-regulatory elements can be identified 
as conserved non-coding elements in sequence 
comparison of related genomes. Many such 
conserved non-coding elements (CNEs) lie next 
to critical developmental control genes and 
have been shown to be developmental enhancers 
when selected and tested in mice and zebrafish 
transgenic assays [10-12]. In the post genome 
sequence era, chromatin immunoprecipitation 
followed by massive sequencing (ChIP-Seq) for 
P300 and ChIP followed by microarray (ChIP-
Chip) on histone modifying mark H3K4me3 
(Histone 3 Lysine 4 trimethylation) and histone 
acetylation have been shown to be useful in 
identifying tissue specific enhancers on a global 
scale, many of which have very weak sequence 
conservation [13-18]. 
Most of the methods described above help to 
locate putative regulatory elements in the genome, 
but to be exactly certain of its role, functional 
validation is a must. Functional validation helps to 
segregate binding sites (DNA fragments) which 
direct spatio-temporal expression of neighboring 
genes from binding sites which might not have a 
direct role in gene regulation and this is critical 
in our understanding of transcriptional control 
and goes a long way in helping to build gene 
regulatory networks. Though some studies have 
utilized the more rapid luciferase assay in cell 
lines to validate the functionality of a binding site 
[15, 19, 20], in vivo transgenics is still a more 
powerful and convincing method for such 
validations, especially if working with developmental 
control genes. This review will look at various 
methods employed to utilize the zebrafish in both 
locating and validating cis-regulatory elements. 
 
Fish comparative genomics  
The two main methods employed to locate 
conserved functional enhancers in the genome are 
either through whole genome comparisons or  
by locus-by-locus alignment. Whole genome 
alignments typically use local alignment programs 
like BLASTZ [21] and MegaBLAST [22] to 
rapidly align regions of high homology. When 
such an alignment is carried out between 
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expression of the transgene. But the biggest 
advantage in zebrafish is the availability of a large 
number of embryos, which can be injected with 
the same construct and hence screened to detect 
the actual expression domain over the mosaic 
expression. Since the embryos are translucent, 
using fluorescent reporters like EGFP one can 
monitor the transgene expression pattern over the 
course of development in each animal. Also 
individual transgenic embryos can be sectioned 
and stained for specific antibody (EGFP, beta-
galactosidase) to detect the exact tissue in which 
the enhancer expresses [31, 34]. 
Another approach uses the Tol2 transposon 
system that allows CNE-reporter gene fusions to 
be integrated into the germline more efficiently 
thus achieving much more robust expression of 
the transgene and solves the problem of mosaicism 
associated with transient transgenics in zebrafish 
[35-37]. Over the years there has been marked 
improvement in various Tol2 based vectors to 
make this even more robust. The Zebrafish 
Enhancer Detector (ZED) vector harbors several 
key improvements, among them a sensitive and 
specific minimal promoter chosen for optimal 
enhancer activity detection, insulator sequences to 
shield the minimal promoter from position effects, 
and a positive control for transgenesis [38]. The 
Tol2 mediated transgenesis is the favored method 
for testing such regulatory elements now due to its 
relative lack of mosaicism.  
The biggest advantage that is conferred by using 
the fish for transgenic assays is the high-
throughput. The fish undergoes external fertilization 
and a single mating pair produces numerous 
embryos. This allows for numerous DNA elements 
to be tested at once and their activity monitored in 
a dish over the course of development of the fish. 
The development cycle of the fish is also faster 
and in 72 hours post fertilization (hpf) most 
organs and organ systems are formed in the fish. 
In contrast the mouse is a much more expensive 
model to use for such functional validation both 
due to the limited number of embryos available as 
well as its in-utero development.  
 
Zebrafish in the world of conservation 
It has now been clearly demonstrated that high 
levels of functional conservation of genes is not 
 
 

comparison also revealed that seven out of nine 
CNEs were functional in the gene desert 
surrounding the Dachshund gene locus [29]. 
Human-fish comparison has also been done to 
locate CNEs in the whole genome rather than on a 
gene-by-gene basis and have shown that many of 
these sequences can recapitulate gene expression 
in vivo, thus further strengthening the argument 
that phylogenetically distant conserved non 
coding elements have a higher chance of having a 
function [11, 30]. But a recent study looking at 
human-mouse-zebrafish sequence constraints has 
also reported the presence of many conserved 
elements which are non functional as enhancers 
[31], highlighting some of the issues in only using 
sequence conservation as a yardstick for enhancer 
function. 
 
In vivo validation by small vectors 
The process of functional validation of various 
CNEs by the small vector method is mainly 
“targeted”, where the PCR amplified CNE DNA 
is either ligated to a reporter vector [11] or in the 
case of zebrafish is co-injected with the reporter 
construct [12, 32, 33], and analyzed for transient 
expression of green fluorescent protein (GFP) or 
beta-galactosidase encoded by the lacZ gene. This 
expression of the CNE driven reporter molecule is 
then matched back to the expression domains of 
the nearby genes around which the CNE was 
located to see overlapping expression leading to 
association of the CNE (enhancer) to a gene. 
There are a couple of drawbacks to this system as 
well, since the integration of the transgene occurs 
at random location in the genome, there is always 
a risk of the element showing ectopic expression 
due to it coming under the control of an 
endogenous cis-regulatory element or it being 
silenced (positional effects). Hence it is crucial 
that similar expression is obtained in several 
independent transgenic lines before drawing a 
conclusion on CNE activity. Secondly, the 
microinjection of the vector is carried out at the 
one cell stage so that the transgene is integrated 
into the genome before the cell divides and hence 
all cells in the resulting embryo will contain the 
transgene. But in certain cases especially in the 
rapidly dividing zebrafish embryo there is always 
the chance of the integration happening after 
cell division has started, resulting in a mosaic
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of the gene. The results indicate that tissue-
specificity of an enhancer tested out of its native 
context may be quite different from that in the 
context of its own gene. Thus it is crucial that 
enhancer elements should be tested for function in 
their native context with surrounding DNA 
sequences to capture their complete profile and 
hence the requirement for special vectors to clone 
and capture large stretches of genomic DNA for 
in vivo testing and creating transgenics. 
Bacterial artificial chromosomes (BACs) are such 
specialized vectors that can be used to clone in 
large DNA inserts that range in size from 150- 
300 kb. Large chunks of contiguous genomic 
sequences have been cloned into BAC vectors  
and have been used for sequencing of various 
genomes. Hence BACs are useful tools to modify 
a gene and its regulatory elements in their 
genomic context by introducing a reporter construct 
into the vector backbone of BACs. When assayed 
in transgenic animals, any enhancers present in 
the genomic insert of the BAC should be able 
to stimulate the gene promoter and drive 
transcription of the reporter gene, yielding an  
in vivo readout of any enhancer activity harbored 
within a particular BAC. Hence, by comparing the 
expression of the reporter to the expression of the 
endogenous gene allows for the determination of 
the regulatory elements for the gene that are 
present in the genomic region cloned in the BAC 
[46, 47]. Most genes in the vertebrate genomes 
have regulatory elements that are scattered over 
megabases around the gene and hence to capture 
all the cis-regulatory elements will require 
extensive cloning, which is time consuming and 
in the end may still fail to detect all the functional 
enhancers. In a recent study the authors 
demonstrated that for developmental genes in 
zebrafish modified BACs can be used to uncover 
regulatory elements which not only are distal from 
the TSS of the gene but were also not captured by 
just looking at conserved sequences [31]. This 
study showed the utility of using large regions of 
the genome to detect and validate enhancers for 
genes whose regulatory domains are spread over 
large stretches of the genome. The modified BAC 
can be further fragmented into smaller pieces of 
DNA to zoom into the actual regulatory sequence. 
The modified BAC method is not based on the 

necessarily associated with sequence conservation 
of their corresponding regulatory elements. Moreover, 
highly conserved non-coding elements may not 
have a known role in cis-regulation and relying on 
standard methods to detect evolutionary constraint 
overlooks significant functional information. But 
more and more evidence is gathering that the loss 
of function of these conserved elements is a 
genome wide phenomenon between fishes and 
other vertebrates. A study reported that only 10% 
of 104 mouse enhancers experimentally validated 
have homologous sequences in zebrafish [39], and 
several reports have suggested that the genome 
has changed rapidly in the teleost lineage. There 
was whole genome duplication (WGD) very early 
in the teleost radiation [40, 41]. The duplication 
would have brought about radical remodeling in 
the teleost genome, being accompanied with gene 
degeneration and complementation [42]. Thus 
the loss of activity or the presence of enhancer 
elements that are not constrained in sequence 
between zebrafish and mammals is not surprising. 
Studies by groups looking at single genes at a 
time have also started revealing similar trends in 
other genomic loci in the zebrafish [43, 44]. But 
there is a need to interpret these data with caution 
as the teleost radiation occurred 300-400 million 
years ago and thus, zebrafish and fugu are 
separated by a much larger evolutionary distance 
than mammals and this may also, in part, explain 
the lack of observable alignment or constraint.  
 
Bacterial artificial chromosomes (BACs)             
to detect gene regulation 
In vivo transgenic assays have clearly demonstrated 
the need for “context” for regulatory elements to 
function in a spatio-temporal manner. In one 
study the authors located an enhancer for the 
amyloid precursor protein gene (APPb) within the 
intron of the gene [45]. Although the enhancer 
was active in specific non-neural cells of the 
notochord when placed with the endogenous 
gene’s promoter, its function was restricted to 
specific expression in neurons when juxtaposed 
with additional far upstream promoter elements 
of the gene. The authors demonstrated that 
expression of GFP fluorescence resembling the 
tissue distribution of APPb mRNA requires both 
the intron enhancer and ~28 kb of DNA upstream
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within the embryo thus not compounding the 
observed expression domains. 
 
Histone modifications and regulatory genomics
Over the last decade it has been demonstrated 
that a number of post-translationally modified 
forms of histone protein subunits associate with 
distinct cis-regulatory elements. For example, the 
trimethylated lysine 4 of histone 3 (H3K4me3) is 
associated with genes that are actively transcribed 
[53, 54]. Large-scale and genome-wide profiling 
studies of H3K4me3 in the human and mouse 
genomes indicate that this modification is 
preferentially associated with the promoters of 
active genes [55, 56] and, to a lesser degree, at 
distal cis-regulatory elements, such as enhancers 
[55]. Mono methylated lysine 4 of histone 
3(H3K4me1) is similarly associated with active 
enhancer elements as well as transcriptional start 
sites, though to a lesser degree than H3K4me3 
[15, 55]. H3K4me1 is also found at insulator 
elements in association with binding by CTCF 
[55, 57]. While H3K4me3, and to some degree 
H3K4me1, are generally activation marks, other 
histone marks are indicative of gene repression. 
ChIP-on-chip has been applied to early zebrafish 
embryos to investigate the binding of modified 
histones within the genome. Initial studies proved 
that H3K4me3 binding was enriched at transcriptional 
start sites similar to findings in mammalian cells 
[58]. A similar approach was used to demonstrate 
that both H3K4me3 and H3K27me3 marks are 
deposited at developmentally regulated genes 
independent of transcriptional activation immediately 
prior to the onset of zygotic transcription in 
zebrafish [59].  
By applying chromatin immunoprecipitation 
followed by deep sequencing, recently Aday et al. 
[60] have demonstrated that H3K4me1 and 
H3K4me3 are enriched at transcriptional start 
sites in the genome of the developing zebrafish 
embryo and that this association strongly 
correlates with gene expression. They further 
demonstrate that these modifications associate 
with distal non-coding conserved elements, 
including known active enhancers, thus showing 
the utility of using these histone marks at 
different stages of zebrafish development to 
elucidate most of the key transcriptional 

need for any specific histone marks or genomic 
features like sequence conservation and thus 
allows for an unbiased assay of the genome to 
locate cis-regulatory elements. For a review on 
BAC modifications in zebrafish see [48]. 
 
Various methods for BAC modification 

Homologous recombination mediated                   
BAC transgenics 
One of the earliest methods of BAC modifications 
was developed by Copeland [49] and Stewart 
[46, 47]. The method relies on the ability to insert 
a reporter gene next to the promoter of a gene 
by homologous recombination in bacteria. This 
allows for the generation of BACs which when 
injected into 1-cell stage zebrafish embryos allows 
for the visualization of all domains of expression 
of the gene as controlled by its regulatory 
elements present in the BAC. Like any method 
BAC modification by homologous recombination 
has some limitations. In zebrafish the rate of germ 
line transmission of these BACs is very low, 
compared to the smaller vectors. This increases 
the time needed to raise stable lines for further 
studies. Another limitation of these large BAC 
transgenes, which they share with small vectors, 
is their susceptibility to genomic silencing and 
perturbations in genomic landscapes that could 
confer spurious promoter/cis-regulatory module 
(CRM) activities. These BACs also form 
concatamers inside the embryo and concatemeric 
transgenes many times lead to silencing, 
instability, and genetic lesions [50, 51]. 

Transposon mediated BAC transgenics 
Tol2 transposon based BAC modification has 
recently been employed in zebrafish [52]. One of 
the advantages of using this method is that only a 
single copy of the modified BAC is delivered per 
transgenic embryo. This method has an added  
step to introduce a Tol2 cassette containing the 
minimal cis-sequences of Tol2 in an inverted 
orientation separated by a ~1 kb spacer. This 
cassette enables incorporation of the Tol2 cis-
sequences essential for transposition into a BAC 
clone through a single step of homologous 
recombination. Along with single copy insertion 
of the transgene the other obvious advantage is 
the absence of rearrangements of the transgene 
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(potential regulatory elements) will be discovered 
rapidly in the fish and owing to its close similarity 
with the human genome, would potentially be a 
good starting point in any human specific study in 
the future. 
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ZGA development for ten cell cycles provides 
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ZGA occurs very early in development. It is 
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CONCLUDING REMARKS 
The zebrafish has been an outstanding ally for 
geneticist over the last 2 decades in deciphering 
gene regulation and regulatory networks. Its 
many advantages as a model organism have been 
used by researchers to circumvent some of the 
shortcomings of higher vertebrates. Though like 
any model organism it has its own disadvantages, 
including a partially duplicated vertebrate genome 
and lack of certain mammalian organs (e.g. 
uterus, mammary glands, hair), yet its usefulness 
in genomics has been highlighted by the ability 
to do both reverse and forward genetics screen 
as well as ChIP for its transcription factors and 
histone modifying marks. The rapid division cycle 
as well as availability of numerous embryos have 
ensured that the fish can be used in greater 
experimental numbers than that would be possible 
with the mouse. Numerous studies have also 
demonstrated that the fish can be a highly useful 
organism to screen large number of potential 
regulatory elements, thus acting as a screening 
tool. With increasing availability of good 
antibodies and decreasing cost of sequencing, 
more and more transcription factor binding sites 
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